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Abstract
The minimal SO(5)/SO(4) σ-model is used as a template for the ultraviolet comple-
tion of scenarios in which the Higgs particle is a low-energy remnant of some high-energy
dynamics, enjoying a (pseudo) Nambu-Goldstone boson ancestry. Varying the σ mass al-
lows to sweep from the perturbative regime to the customary non-linear implementations.
The low-energy benchmark effective non-linear Lagrangian for bosons and fermions is ob-
tained, determining as well the operator coefficients including linear corrections. At first
order in the latter, three effective bosonic operators emerge which are independent of the
explicit soft breaking assumed. The Higgs couplings to vector bosons and fermions turn
out to be quite universal: the linear corrections are proportional to the explicit symmetry
breaking parameters. Furthermore, we define an effective Yukawa operator which allows
a simple parametrization and comparison of different heavy fermion ultraviolet comple-
tions. In addition, one particular fermionic completion is explored in detail, obtaining the
corresponding leading low-energy fermionic operators.
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1 Introduction
The Higgs particle seems to be unnaturally light if there is new particle physics at higher
scales to which the Higgs may couple. Barring a Copernican perspective on nature and
the conclusion that our generation has completed the discovery of particle physics of the
visible world, this puzzle –known as the “electroweak hierarchy problem”– constitutes a
pressing question.
The persistent absence of evidence for new resonances in the vicinity of the electroweak
scale calls for an in-depth exploration of beyond the Standard Model (BSM) theories which
may separate and isolate the Higgs mass from the putative scale of exotic BSM resonances.
Pseudo-Nambu-Goldstone bosons (PNGB) are naturally lighter than and decoupled from
the rest of the spectrum of their mother theory. This suggested decades ago that the
Higgs particle could be identified with the PNGB of some BSM high-energy theory [1–3].
In the initial proposal [1] a global SU(5) symmetry was considered for the high-energy
strong dynamics. Recent attempts tend to start instead from a global SO(5) symmetry [4,
5] at a high scale Λ, spontaneously broken to SO(4) and producing at this stage an
ancestor of the Higgs particle in the form of one of the resulting massless Goldstone
bosons, with characteristic scale f and Λ ≤ 4pif [6]. The coset SO(5)/SO(4) represents
the minimal possibility to interpret the Higgs as a pseudo-Goldstone boson in the presence
of a custodial symmetry. The explicit breaking of the global symmetry needed to generate
the electroweak scale v 6= f and a mass for the Higgs usually stems from soft couplings of
the high-energy dynamics to the Standard Model (SM) gauge bosons and fermions.
Most of the literature on composite Higgs models based on (or containing) SO(5)
assumes from the start a strong dynamics and uses an effective non-linear formulation of
the models [5, 7–13], often denominated “composite Higgs” scenario. The ratio
ξ ≡ v
2
f2
(1)
2
encodes the degree of non-linearity of a given model and is a measure of the fine-tuning
required to accommodate data.
A complete renormalizable model was instead constructed in Refs. [14, 15] (see also
Ref. [9, 16] for related results), which in its scalar part is a linear sigma model including
a new singlet scalar σ. Furthermore, in Ref. [15] the procedure and first steps to obtain
the non-linear effective Lagrangian were developed. Later work incides on interesting
phenomenological consequences [17, 18] and other aspects [19, 20]. That minimal sigma
model allows to gain intuition on the dependence on the ultraviolet (UV) completion scale:
it can be considered either as an ultimate model made out of elementary fields, or as a
renormalizable version of a deeper dynamics, much as the linear σ model [21] is to QCD.
Upon spontaneous breaking of the electroweak symmetry, the Higgs and the σ field mix,
and the resulting scalar sector is that of a system with two “Higgs-like” particles.1 The
implications on low-energy precision data and the expected signals at LHC have been also
developed in Refs. [15, 17, 18], leading to a lower bound mσ & 550 GeV and interesting σ
decay channels into gauge bosons and tt¯ pairs at LHC.
The linear-non-linear divide will be further explored here by varying the mass of the
extra scalar2 σ: a light σ particle corresponds to a weakly coupled regime, while in the
high mass limit the theory should fall back onto a usual effective non-linear construction.
The effective low-energy Lagrangian for non-linear realizations of electroweak symmetry
breaking has been determined previously, but the number of couplings is very large in
the most general case [22–25]. For the generic SO(5)/SO(4) construction, a very reduced
subset of those couplings, constituting a complete basis of bosonic operators, was first
established in Ref. [26]. This served to generically parametrize scenarios of electroweak
symmetry breaking in which the Higgs particle is a low-energy remnant of some dynamics
based on or containing SO(5) as a global symmetry. Here we will focus on the partic-
ular case of the minimal SO(5) sigma model, leading to an even more reduced subset
of operators –the benchmark low-energy effective Lagrangian– which are expected to be
common to the non-linear limit of any construction containing the SO(5)/SO(4) spon-
taneous breaking. We will consider here both bosonic and fermionic operators, though.
The leading linear corrections and the leading dependence on the explicit SO(5)-breaking
mechanism will be determined as well in this work.
While the bosonic couplings should be universal, the fermionic part may instead be
quite model-dependent. Many different choices of exotic fermions have been explored
in the literature, mainly within non-linear realizations of the global symmetry (see e.g.
Ref. [8]). Nevertheless, a common characteristic of the so-called “partial compositeness”
framework is that SM tree-level Yukawa couplings are forbidden by the global symmetry,
while instead vertices coupling one or two heavy exotic fermions to the Higgs field are
allowed. Effective Yukawa couplings between the SM and the Higgs field are thus induced
1The heavier scalar is called “global Higgs” in Ref. [17, 18].
2When using further below polar coordinates the extra scalar will be dubbed ρ as customary, see Sect. 2.
3
at low-energies, with a generic Seesaw-like pattern for the mass generation of SM fermions,
whose masses are then inversely proportional to those of the heavy fermions. We will
analyze the problem in two approaches:
• A rather-model independent one in which the field content of the SM is augmented
exclusively by a singlet scalar within the minimal SO(5) setup mentioned, while the
leading phenomenological impact of heavy fermions is encoded in an effective Yukawa
coupling of the SM fields that we will define. This effective operator will serve to
parametrize and disentangle among different choices of BSM fermion embeddings.
• In a second step, a concrete choice for the heavy fermion representations will be
considered [15]. This sector will be integrated out explicitly.
Note that in Ref. [15] we had already integrated out the specific BSM heavy fermion
mentioned in this second step, although leaving fully dynamical the scalar sector. That
is, the effective Lagrangian made out of SM fields plus the σ particle was established.
It was also proposed there to next integrate out the latter, which is a straightforward
procedure starting from that result. This task will be completed here in order to compare
with the case in which the order of integration of the heavy fields (bosons versus fermions)
is inverted. The resulting benchmark couplings will be also compared with those stemming
from the procedure indicated in the first bullet above.
By furthermore keeping track of the linear and heavy-fermion corrections, the analysis
will provide candles to identify whether a renormalizable ultraviolet completion exists in
nature or alternatively an underlying “composite” mechanism is at work at high-energy,
analogous to QCD for the chiral dynamics involving pions.
Note that the results may be relevant as well for other scenarios based on global
groups larger than SO(5). Furthermore, a Goldstone-boson parenthood for the Higgs
is not exclusive of strong interacting dynamical setups, but is also embedded in other
constructions such as “little Higgs” models, extra-dimensional scenarios and others; our
results will then apply as well to those constructions.
The structure of the paper can be easily inferred from the Table of Contents.
2 Model independent analysis
Consider a Lagrangian
L = Ls + Lf + Lg , (2)
comprising, in its scalar sector Ls, a linear sigma model which exhibits a global SO(5)
symmetry broken to SO(4) and includes a new scalar, σ, singlet under the SM gauge
group [15]
Ls = 1
2
Dµφ
TDµφ− λ(φTφ− f2)2 − αf3σ + 2βf2H†H , (3)
4
where φ = (H˜,H,
√
2σ)/
√
2 is a 5-plet of SO(5) encompassing the Higgs doublet degrees
of freedom H in addition to σ. The terms which break softly 3 the SO(5) symmetry
–proportional to α and β– endow the Higgs particle with a PNGB character, remaining
naturally light as long as α, β  λ. The embedding of the gauge group SU(2)L × U(1)Y
inside SO(5) is purely conventional. Ls contains as well the scalar interactions with gauge
bosons, with the SU(2)L × U(1)Y covariant derivative given by
Dµφ =
(
∂µ + igΣ
i
LW
i
µ + ig
′Σ3RBµ
)
φ , (4)
where ΣiL and Σ
i
R denote respectively the generators of the SU(2)L and SU(2)R subgroups
of the custodial SO(4) group contained in SO(5). Both h and σ acquire a vacuum expec-
tation value (vev), leaving unbroken an SO(4)′ subgroup which is rotated with respect to
the group SO(4) ≈ SU(2)L× SU(2)R containing SU(2)L×U(1)Y . Lg in Eq. (2) encodes
the kinetic terms for gauge bosons.
Consider now the fermion sector. A generic feature is that the phenomenological
constraints on partial compositeness require additional vector-like fermions, which couple
and act as mediators among the SM fields. The exact form of the effective coupling is
model-dependent and varies according to how the SM fermions are embedded in SO(5).
We will obviate until Sect. 3 the details of the heavy fermion spectrum, and use instead
in this section a simplified –effective– approach to the dominant fermion-induced effects.
The fermionic part of the Lagrangian in Eq. (2) will be written as the sum of two
terms,
Lf = Lkinf,SM + LYukf , (5)
where Lkinf,SM comprises the kinetic terms for only SM fermions. All what is needed here
in addition is the fact that, in frameworks akin to “partial compositeness”, the global
symmetry is explicitly broken by couplings between the SM fermions and heavy exotic
fermions, which are the source of: i) non-zero values for the soft SO(5) breaking parame-
ters α and β at one loop, inducing a potential and mass for the Higgs particle; ii) effective
Yukawa couplings for the SM fermions and thus the generation of SM fermion masses.
The schematic effective Yukawa coupling in the presence of the σ particle is presented
in figure 1. It follows that at low energies it is possible to write an effective Yukawa
Lagrangian in terms of only the SM fermions, plus h and σ, which respects electroweak
gauge invariance but not SO(5) invariance,
LYukf ≡ −y0f O(n,m)Yuk,f + · · ·+ h.c. , (6)
where the constant y0f is a model-dependent coefficient
4 and we define the effective Yukawa
3Additional soft breaking terms are possible, but only those proportional to α and β are required to absorb
one-loop counterterms and in this sense their inclusion leads to the minimal σ model, see Ref. [15].
4The superscript 0 indicates that y0f only encodes the leading contributions induced by the heavy fermionic
sector.
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Figure 1: Schematic fermion mass operator at low scales with arbitrary insertions of the
scalar fields.
operator for a given fermion f as
O(n,m)Yuk,f ≡ q¯LH˜ fR
(
σ
f
)n(2H†H
f2
)m
, (7)
with H˜ ≡ −iσ2H∗. The ellipses in Eq. (6) refer to other SM fermion operators and
possibly extra model-dependent terms coming from the heavy fermion sector.
In the literature of composite Higgs models the notation MCHMA−B−C is often used
to indicate their fermion composition, with A,B,C indicating the SO(5) representation
in which the SM doublet qL, up-type right-handed and down-type right-handed fermions
are embedded, respectively; else, when only one subindex appears as in MCHMA it is
understood to be of the type MCHMA−A−A. Table 1 summarizes the {n,m} parameter
values for different models. 5
Eq. (7) assumes that a given fermion mass corresponds to a single set of {n,m} val-
ues. This is often the case; for instance, the top and bottom Yukawa couplings in the
MCHM5−1−1 model [15] correspond to O(0,0)Yuk , while in the MCHM5 scenario they both
correspond to O(1,0)Yuk (see e.g. Ref. [27]). Notice that, for these cases with a single Yukawa
operator, the global coefficients and suppression scales in Eqs. (6)-(7) are constrained by
the fermion masses and therefore do not constitute any additional model dependence.
Nevertheless, in some scenarios a given fermion mass results instead from combining
several operators of the type in Eq. (7) with different {n,m} values. The procedure derived
can be easily extended to encompass it. A model-dependence remains then in the relative
size of the y and y′ weights in Table 1. An example is the MCHM14−14−10 scenario [8]
in which different sets of {n,m} values are involved in generating the top mass, while
5Models with spinorial SO(5) embeddings, e.g. MCHM4 [4], are phenomenologically excluded in particular
in view of Z → bb¯ data. [5]
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Fermion representation (qL-qR) Yukawa interactions y
0
fO(n,m)Yuk
5-1, 5-10, 10-5 yO(0,0)Yuk
5-5, 10-10, 14-10, 10-14, 14-1 yO(1,0)Yuk
14-14 3yO(1,0)Yuk − 2y′O(1,1)Yuk + 8y′O(3,0)Yuk
14-5 yO(0,0)Yuk + y′O(2,0)Yuk
5-14 yO(0,0)Yuk + y′O(0,1)Yuk − 4y′O(2,0)Yuk
Table 1: Yukawa operators corresponding to particular embeddings (see e.g. Ref [8]) of
a SM quark doublet qL and right-handed qR fermion (either up-type or down-type right-
handed quark) into SO(5). The coefficients y, y′ refer to distinct possible relative weights
of SO(5) invariant operators allowed by the models
the bottom mass only requires set {n,m} = {1, 0}. The cases of single and of multiple
Yukawa operators contributing to a given mass will be further considered explicitly below.
We focus in what follows on the top Yukawa coupling unless otherwise explicitly stated,
while the conclusions to be obtained are easily generalized to all light fermions.
Polar coordinates
Armed with the tools described, it is quite straightforward to derive the benchmark
bosonic Lagrangian as well as the leading couplings involving fermions. To this aim,
it is convenient to rewrite the scalar degrees of freedom in polar coordinates,
σ ≡ ρ cϕ , (8)
H ≡ 1√
2
ρ U sϕ , (9)
with cϕ ≡ cosϕ/f , sϕ ≡ sinϕ/f , and U(x) ≡ exp{2iΠ(x)/f}, where Π(x) denotes the
Goldstone matrix corresponding to the longitudinal components of the electroweak gauge
bosons. In this notation the scalar Lagrangian in Eq. (2) reads
Ls = 1
2
∂µρ ∂
µρ+
ρ2
2f2
[
∂µϕ∂
µϕ− f
2
2
s2ϕ〈VµV µ〉
]
−λ(ρ2−f2)2−αf3ρ cϕ+βf2ρ2s2ϕ, (10)
7
where 〈 〉 denotes the trace and Vµ ≡ (DµU)U † as is customary. The effective top Yukawa
operator in Eqs. (6) and (7) is then given by
y0t O(n,m)Yuk,t =
y0t√
2
(q¯LUP+qR)ρ
(
ρ
f
)n+2m
cnϕs
2m+1
ϕ , (11)
where the right-handed SM fermions have been gathered in a formal doublet qR ≡
(tR, bR), with P+ ≡ diag(1, 0) (P− = diag(0, 1)) being a projector onto the up-type
(down-type) right-handed SM fermions.
The ρ and ϕ fields will develop vevs,
ρ→ ρ+ 〈ρ〉, ϕ→ h+ 〈ϕ〉 , (12)
where at the minimum of the potential the ϕ field corresponds to
cos
(〈ϕ〉
f
)
= − α
2β
(
1 +
β
2λ
)−1/2
. (13)
The connection between the vevs of the fields in the linear and polar parametrizations is
〈ρ〉 =
√
〈σ〉2 + 2〈H〉2, 〈ϕ〉 = f tan−1
(√
2〈H〉
〈σ〉
)
. (14)
The scalar resonance, which in the linear parametrization is customarily denoted σ, is
traded by ρ in the polar parametrization, with mρ = mσ exactly as expected for a physical
observable, while the Higgs resonance h corresponds now to the excitation of the ϕ field,
see Eq. 12.
Finally, as the pure gauge Lagrangian Lg and the weak coupling to fermions are not
modified, the coefficient of the Wµ mass term in Eq. (10) allows to identify the electroweak
scale v in terms of the Lagrangian parameters:
v2 = 〈ρ〉2 sin2
(〈ϕ〉
f
)
. (15)
Expansion in 1/λ
The scalar quartic coupling λ can be conventionally traded by the ρ mass, given by
m2ρ ' 8λf2 for negligible α and β, see Ref. [15] and further below; the non-linear model
would be recovered in the limit mρ  f , that is λ→∞. Varying the ρ mass (that is, λ)
allows to sweep from the regime of perturbative ultraviolet completion to the non-linear
one assumed in models in which the Higgs particle is a low-energy remnant of some strong
dynamics. We will explore this limit next.
8
The exact equation of motion for ρ reads
ρ− ρ
f2
[
∂µϕ∂
µϕ− f
2
2
s2ϕ〈VµV µ〉
]
+ 4λρ(ρ2 − f2) + αf3cϕ − 2βρf2s2ϕ
+ (n+ 2m+ 1)
(
y0t√
2
q¯LUP+qR + h.c.
)
cnϕs
2m+1
ϕ
(
ρ
f
)n+2m
= 0, (16)
where  ≡ ∂µ ∂µ. In a 1/λ expansion, the ρ field can be expressed as
ρ ≡ ρ0 + ρ1/λ+ ρ2/λ2 + . . .
where the leading terms are given by
ρ0 = f, (17)
ρ1 =
f
4
[ 1
2f4
∂µϕ∂
µϕ− 1
4f2
〈VµV µ〉s2ϕ −
1
2
αcϕ + βs
2
ϕ
− (n+ 2m+ 1)
2f3
(
y0t√
2
q¯LUP+qR + h.c.
)
cnϕs
2m+1
ϕ
]
, (18)
and subsequent ones can be written as polynomial functions of ρ1. Substituting these in
Eq. (10) yields the 1/λn Lagrangian corrections,
L = L0 + L1/λ+ L2/λ2 + . . . , (19)
where the different terms in this equation are given by
L0 = 1
2
∂µϕ∂
µϕ− f
2
4
〈VµV µ〉s2ϕ − αf4cϕ + βf4s2ϕ − f
y0t√
2
q¯LUP+qRc
n
ϕs
2m+1
ϕ , (20)
L1 = 4f2ρ21, (21)
L2 = 1
2
{
(∂µρ1)
2 +
[
αf2cϕ (22)
+
(
1− (n+2m)2) 1
f
(
y0t√
2
q¯LUP+qR + h.c.
)
cnϕs
2m+1
ϕ )
]
ρ21
}
.
L0 coincides with the leading-order Lagrangian for the scalar sector of the minimal com-
posite Higgs model [4], as expected. The expressions obtained for L1 and L2 are remark-
ably compact and a similar pattern holds for higher orders in 1/λ.
The maximum number of derivatives of Ln is 2+2n, although not all 2+2n derivative
operators are generated at order n. This is as foreseen, as for large λ the non-linear regime
is approached and ordering the operators by their 1/λ dependence does not coincide with
the ordering given by mass dimensions. The ordering in which the operators appear is
akin to the power counting of non-linear Higgs effective theory [6, 28–30].
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Eqs. (18) and (21) suggest interesting correlations between operators involving the
Higgs boson, gauge bosons and fermions. In particular, operators such as (∂µh)
2ψ¯ψ or
〈VµV µ〉ψ¯ψ, where ψ denotes a generic fermion, are weighted by the fermion mass and also
bear a dependence on the SM embedding into SO(5), parametrized by the set {n,m} in
Eq. (11). From those equations emerges the low-energy effective Lagrangian in terms of
SM fields at a given order in 1/λ,
Leff = Lg + Lkinf,SM +
∑
i
PiFi(ϕ), (23)
where the first two terms in the right-hand side contain respectively the kinetic terms
for gauge bosons and fermions as in Eqs. (2) and (3), and the index i runs over all
operator labels and coefficient functions Fi(ϕ) in Table 2. The table collects all couplings
corresponding to two and four “derivatives”, where plain derivatives and gauge boson
insertions are counted with equal weight, as they come together in the covariant derivative.
The notation/basis for the purely bosonic operators was chosen according to Ref. [26] to
facilitate the comparison with a model-independent approach. From this tree-level analysis
we draw the following conclusions:
• Up to first order in the linear corrections, the benchmark effective Lagrangian is
determined to be composed of ten operators, five of them bosonic and the rest
fermionic 6 including that responsible for Yukawa couplings. The coefficients of
those operators are not free but intimately correlated by the coefficient functions
explicitly determined in this work, and shown in the table.
• Among the couplings which first appear at O(1/λ), three bosonic operators are
singled out in the SO(5)-invariant limit (α = β = 0, massless SM fermions): P6,
P20 and PDH . The two latter ones involve multiple Higgs insertions and are out
of present experimental reach while the strength of P6, which involves vertices with
four gauge bosons, is already tested directly by data, although the present sensitivity
is very weak [31,32].7
• Operators involving SM fermions have an implicit dependence on the symmetry-
breaking terms in the Lagrangian – they are weighted by the fermion masses in a
pattern alike to that of the Minimal Flavour Violation setup [33–35]. Most inter-
estingly, the corresponding Fi(ϕ) coefficients, written as a function of the {n,m}
parameters, allow to differentiate the expected impact of different fermionic ultravi-
olet completions in the literature.
• All operators derived from Eqs. (20)-(22) are at most four-derivative ones, and they
are all shown in table 2, including the only one appearing at O(1/λ3).
6For fermionic operators only the generic Lorentz and flavor structure are explicited, being trivial their
decomposition in terms of different flavors.
7 These bounds can be translated for instance in mρ & 70 GeV for f ≈ 600 GeV.
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• The gauge field dependence is present only through powers of 〈VµV µ〉, consistent
with its exclusively scalar covariant derivative origin, see Eqs. (3) and (10). Other
Lorentz contractions such as 〈VµVν〉2 would be loop-induced, and thus expected to
be subleading.
• The scalar functions Fi(ϕ) obtained as operator weights of bosonic couplings are
in agreement with those derived in Ref. [26] in the SO(5) invariant limit, for the
subset of operators identified here as benchmarks, see their Eqs. (2.5)-(2.8). Table 2
provides in addition the leading deviations due to the presence of explicit SO(5)-
breaking parameters α and β.
2.1 Impact on Higgs observables
Bosonic sector
From Eqs. (20) and (21), the potential at order 1/λ reads
V
f4
= αcϕ − βs2ϕ −
1
16λ
(
αcϕ − 2βs2ϕ
)2
+O
(
1
λ2
)
, (24)
with minimum at cos
( 〈ϕ〉
f
)
' − α2β
(
1− β4λ
)
, see Eq. (13). The kinetic energy of the
physical Higgs excitation h (see Eq. (12)) gets then a correction given by
1
2
(
1 +
β
2λ
)
∂µh ∂
µh , (25)
which is reabsorbed by a field redefinition
h→ (1 + Zh)h , with Zh = − β
4λ
. (26)
Renormalization. The four independent parameters of the scalar Lagrangian Eq. (3),
f , λ, α and β, can be expressed in terms of the following observables [15]:
GF ≡ (
√
2v2)−1, mh, κV , mρ (27)
with the Fermi constant GF as measured from muon decay, while κV can be extracted
from deviations of the Higgs couplings to two gauge bosons, for instance
Γ(h→WW ∗) ≡ ΓSM(h→WW ∗)κ2V .
mh is determined from the Higgs pole mass and mρ could in turn be determined from
future measurements of the ρ mass, identifying them respectively with the light and heavy
mass eigenvalues of the scalar sector [15]
m2heavy,light = 4λf
2
{(
1 +
3
4
β
λ
)
±
[
1 +
β
2λ
(
1 +
α2
2β2
+
β
8λ
)]1/2}
, (28)
11
Operator Fk(ϕ) 1/λn
PH 1
2
(∂µh)
2 1− 1
4λ
(αcϕ − 2βs2ϕ) 0
PC −v
2
4
〈VµV µ〉 1
ξ
[
1− 1
4λ
(
αcϕ − 2βs2ϕ
)]
s2ϕ 0
PYuk v q¯iLUP±qiR + h.c. − y
0
i√
2 ξ
cnϕs
2m+1
ϕ
(
1− n+2m+1
8λ
(αcϕ − 2βs2ϕ)
)
0
PDH 1
v4
(∂µh)
4 ξ
2
16λ
1
P6 〈VµV µ〉2
s4ϕ
64λ
1
P20 1
v2
〈VµV µ〉(∂νh)2 − ξ
16λ
s2ϕ 1
PqH 1
v3
(∂µh)
2q¯iLUP±qiR + h.c. − y
0
i√
2
ξ3/2
(
n+2m+1
8λ
)
cnϕs
2m+1
ϕ 1
PqV 1
v
〈VµV µ〉q¯iLUP±qiR + h.c. y
0
i√
2
√
ξ
(
n+2m+1
16λ
)
cnϕs
2m+3
ϕ 1
P4q 1
v2
(q¯iLUP±qiR)(q¯jLUP±qjR) + h.c. (2− δij)y0i y0j ξ
(n+2m+1)2
32λ
c2nϕ s
4m+2
ϕ 1
P4q′ 1
v2
(q¯iLUP±qiR)(q¯jRP±U †qjL) + h.c. (2− δij)y0i y0j ξ
(n+2m+1)2
32λ
c2nϕ s
4m+2
ϕ 1
P7 1
v
〈VµV µ〉(h)
√
ξ
[
1
128λ2
(α+ 4βcϕ) s
3
ϕ
]
2
P∆H 1
v3
(∂µh)
2(h) −ξ3/2
[
1
64f3λ2
(α+ 4βcϕ) sϕ
]
2
PH 1
v2
(h)2 O
(
1
λ3
)
3
Table 2: Effective operators before electroweak symmetry breaking, including two and
four derivative couplings, together with their coefficients up to their first corrections in
the 1/λ expansion. The bosonic contributions from SO(5) breaking contributions (α 6= 0
and/or β 6= 0) are also shown. The right-hand column indicates the order in 1/λ at which
a given couplings first appears. The Higgs field h is defined as the excitation of the field
ϕ, see Eq. (12).
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where the plus sign refers to the heavier eigenstate. Assuming the SO(5) explicit breaking
to be small, |β|/4λ 1, the mass eigenvalues read
m2ρ = 8λf
2 + 2β(3f2 − v2) +O
(
β
4λ
)
, (29)
m2h = 2βv
2 +O
(
β
4λ
)
. (30)
with the measured value of mh implying β ' 0.13. In the non-linear limit λ → ∞
the ρ field decouples from the spectrum and the scalar sector would depend on just
three renormalized parameters. It is now possible to foresee the impact of the linear
corrections in terms of mass dependence. Precisely because the large λ and mρ limits are
in correspondence, dimensional arguments suggest the equivalence
1
λ
⇒ m
2
h
m2ρ
' βξ
4λ
, (31)
as expansion parameter, see Eqs. (29) and (30). In other words, the linear corrections
are expected to be proportional to the two small parameters β and ξ and thus doubly
suppressed.
Extending the renormalization scheme to the gauge sector, we choose the two extra
observables needed to be the mass of the Z boson and the fine structure constant,
MZ , αem =
e2
4pi
, (32)
with MZ and αem as determined from Z-pole mass measurements and from Thompson
scattering, respectively [36]. In terms of the ensemble of renormalized parameters dis-
cussed above, predictions can now be made. For instance the relation between the gauge
boson masses remains the same than that in the SM,
MW = cos θWMZ , (33)
where the weak angle is given at tree-level by
sin2 θW =
1
2
(
1−
√
1− 4piαem√
2GFM2Z
)
. (34)
As another example, the prediction for the Higgs→ ZZ width is modified with respect to
the SM expectation by
Γ(h→ ZZ∗) = ΓSM(h→ ZZ∗)κ2V . (35)
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A generic expectation is the departure of κV from 1. Indeed, the coupling between
the Higgs and the gauge bosons which stems from the Lagrangian Eqs. (19)-(22) at order
1/λ is that encoded in the operator PC in Table 2 and reads
LhV V = −
(
1
2
√
1− ξ + β
8λ
(2− ξ)ξ√
1− ξ
)
〈VµV µ〉vh , (36)
or in other words
κV =
√
1− ξ + βξ
2λ
(1− ξ/2)√
1− ξ . (37)
Assuming for illustrative purposes O(ξ) ∼ O(1/λ) and expanding up to second order in
these parameters, the result simplifies to
κV '
√
1− ξ + βξ
2λ
. (38)
The first term on the right-hand side of this equation is the well-known correction present
in non-linear scenarios [4], while the second term encodes the linear correction linked to
the scale of ultraviolet completion, which in terms of physical parameters we predict to
be given by
κ2V ' 1− ξ + 4
m2h
m2ρ
, (39)
where Eq. (31) has been used. Higher order corrections are expected to be very small,
as they will stem from operators with at least 4 derivatives. For instance, the first extra
tree-level contribution to κV is the 1/λ
2 weight of the operator P7 in Table 2,
δκ2V '
1
2
√
2GF
m2h
m4ρ
.
Fermionic sector
Consider first the case in which the fermion mass is generated by a single Yukawa operator
O(n,m)Yuk,f , see Eqs. (6) and (7). From the Lagrangian in Eqs. (19)-(22), and more specifically
from the Yukawa operator in the third line of Table 2, an expression for the fermion mass
follows after applying Eqs. (12) and Eq. (26),
LYukf ⊃ −mf f¯LfR + h.c. , mf '
y0f√
2
f
√
ξ (1− ξ)n/2ξm
(
1 + n
1
ξ(1− ξ)
m2h
m2ρ
)
. (40)
Renormalization. The renormalization scheme is now enlarged to the fermion sector
choosing as observable precisely the fermion masses. The prediction that follows for the
Higgs coupling to a given fermion f,
Lhff ≡ −ghff h f¯LfR + h.c. , (41)
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takes then the form
ghff ' y
0
f√
2
(1− ξ)n−12 ξm
{
(1 + 2m)(1− ξ)− nξ + β
ξ(1− ξ)
m2h
m2ρ
× (42)
× [(1 + 2m+ n)ξ(1− ξ)(2− ξ) + n (1 + 2m(1− ξ)− nξ) ]} .
Encoding the deviations with respect to the SM expectations through the conventional κf
parameter,
κf ≡ ghff/gSMhff , (43)
where gSMhff = mf/v, the exact and somewhat lengthy expression for κf up to order 1/λ
follows. The latter can be simply recast assuming again O(ξ) ∼ O(1/λ), leading to
κf ' (1 + 2m)(1− ξ)− nξ√
1− ξ + (2 + 4m+ 3n)
m2h
m2ρ
, (44)
where once again Eq. (31) has been used. It is straightforward to check that the first
term on the right-hand side of this equation reproduces well-known κf results for different
models in the literature, which assume a non-linear realization. The second term gives
instead the leading linear corrections. For instance, this equation leads to the following
results for the MCHM5−1−1 (corresponding to n = m = 0 in our parametrization) and
MCHM5 (corresponding to n = 1, m = 0):
κ
MCHM5−1−1
f '
√
1− ξ + 2m
2
h
m2ρ
, κMCHM5f '
1− 2ξ√
1− ξ + 5
m2h
m2ρ
. (45)
obtaining again at order 1/λ a correction doubly suppressed as proportional to both β
and ξ, see Eq. (31).
Consider next the case in which a given fermion mass corresponds to the combination
of several SO(5) invariant Yukawa operators, instead of just one as developed above,
LYukf = − c(n,m)O(n,m)Yuk,f + · · ·+ h.c., (46)
where c(n,m) are related to the generators of SO(5) and the fermion embedding in a given
model. The procedure is still quite straightforward. The fermion mass will be a sum of
contributions similar to that in Eq. (40) weighted by the coefficients c(n,m), and a similar
combination protocol will apply to the obtention of the fermion-Higgs coupling ghff and κf .
As an example, consider the MCHM14−14−10 scenario [8], in which the third family quark
doublet and the right-handed top are embedded each in a 14-plet of SO(5), denoted QL
and UR respectively, while the right-handed bottom is included in a 10-plet representation
denoted DR. Two SO(5) invariant operators [8] contribute in this case to the top quark
mass,
yuφ
†Q¯LURφ− y˜u(φ†Q¯Lφ)(φ†URφ)→ 3yuO(1,0)Yuk − y˜u
(
2O(1,1)Yuk − 8O(3,0)Yuk
)
, (47)
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leading to
κ
MCHM14−14−10
t '
yu(3− 6ξ) + 2y˜u(4− 23ξ + 20ξ2)√
1− ξ (3yu + 2y˜u(4− 5ξ))
+
15y2u + 32y˜u(8y˜u − 3yu)
(8y˜u − 3yu)2
3m2h
m2ρ
. (48)
In contrast, in this same scenario only one effective Yukawa operator contributes to the
bottom quark mass,
ydφ
†Q¯LDRφ→ ydO(1,0)Yuk , (49)
and consequently
κ
MCHM14−14−10
b '
1− 2ξ√
1− ξ +
5βξ
4λ
' 1− 2ξ√
1− ξ +
5m2h
m2ρ
. (50)
All O(1/λ) corrections considered above show again the double suppression in ξ and β,
which after Eq. (31) is tantamount to a m2h/m
2
ρ suppression factor, as expected.
3 Explicit fermion sector
In the previous section, the infinite mass limit for the heavy fermion sector was assumed
from the start, while the corrections due to the heavy scalar singlets were explored. In
this section we start instead of a complete (bosons plus fermions) renormalizable model,
so as to estimate the impact of a fermionic ultraviolet completion beyond that related to
the Yukawa couplings discussed earlier. The low-energy effective Lagrangian made out
of SM fields will be then explicitly determined up to the leading corrections stemming
from the heavy scalar and fermion sectors: respectively up to O(1/λ) ∼ O(m2h/m2ρ) and
O(f/Mi), where Mi denotes generically the heavy fermion masses.
The details of the fermion mass Lagrangian are quite model-dependent and derived
from the specific SO(5) embedding of the light and heavy fermions. Many choices of
fermion representations are possible. In addition to the use of heavy vectorial representa-
tions, a common trend is to avoid by construction direct Yukawa couplings of the Higgs
field to the SM fermions, leading to a generalized see-saw pattern for light fermions with
masses inversely proportional to those for the heavy fermions.
The fermionic Lagrangian Lf in Eq. (2) needs to be redefined,
Lf = Lkinf + LYukf , (51)
where Lkinf contains now kinetic terms for all fermions, light and heavy, and the fermion
mass Lagrangian denoted by LYukf needs to be specified for a particular ultraviolet fermion
completion. The model developed in Ref. [15] will be analyzed as illustration, recalling
first its main ingredients. In order to obtain the correct hypercharge assignments, the
symmetry of the Lagrangian needs to be enlarged as customary to SO(5)×U(1)X which
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is broken down to SU(2)L × SU(2)R × U(1)X , where the hypercharge corresponds to
Y = Σ
(3)
R +X. The fermion fields that will generate the top mass are
ψ(2/3) ∼ (X,Q, T (5)) ∼ (2+7/6,2+1/6,1+2/3), χ(2/3) ∼ T (1) ∼ (1+2/3),
ψ(−1/3) ∼ (Q′, X ′, B(5)) ∼ (2+1/6,2−5/6,1−1/3), χ(−1/3) ∼ B(1) ∼ (1−1/3),
where ψ(x) and χ(x) belong respectively to the 5 and 1 representations of SO(5) with
U(1)X charge x; their decomposition in terms of SU(2)L × U(1)Y charges is also shown.
This choice of heavy fermion representations corresponds to the MCHM5−1−1 scenario,
that is, to the entry 5 − 1 in the first row of Table 1, and thus to the effective Yukawa
operator O(n,m)Yuk,f in Eq. (7) with {n,m} = {0, 0}.
The fermionic Lagrangian for that field content reads
Lf = q¯Li /DqL + t¯Ri /DtR + b¯Ri /DbR
+ ψ¯(2/3)
(
i /D −M5
)
ψ(2/3) + ψ¯(−1/3)
(
i /D −M ′5
)
ψ(−1/3)
+ χ¯(2/3)
(
i /D −M1
)
χ(2/3) + χ¯(−1/3)
(
i /D −M ′1
)
χ(−1/3)
−
[
y1 ψ¯
(2/3)
L φχ
(2/3)
R + y2 ψ¯
(2/3)
R φχ
(2/3)
L + y
′
1 ψ¯
(−1/3)
L φχ
(−1/3)
R + y
′
2 ψ¯
(−1/3)
R φχ
(−1/3)
L
+ Λ1
(
q¯L∆
(2/3)
2×5
)
ψ
(2/3)
R + Λ2 ψ¯
(2/3)
L
(
∆
(2/3)
5×1 tR
)
+ Λ3 χ¯
(2/3)
L tR
+ Λ′1
(
q¯L∆
(−1/3)
2×5
)
ψ
(−1/3)
R + Λ
′
2 ψ¯
(−1/3)
L
(
∆
(−1/3)
5×1 bR
)
+ Λ′3 χ¯
(−1/3)
L bR + h.c.
]
, (52)
where ∆
(x)
n×m are spurion fields that break explicitly SO(5), while all other terms are SO(5)
invariant. In terms of SU(2)L fields, the Yukawa and spurion terms in Eq. (52) provide
now an explicit realization of the Lagrangian LYukf in Eq. (51):
LYukf =−
[
y1
(
X¯LHT
(1)
R + Q¯LH˜T
(1)
R + T¯
(5)
L σT
(1)
R
)
(53)
+ y2
(
T¯
(1)
L H
†XR + T¯
(1)
L H˜
†QR + T¯
(1)
L σT
(5)
R
)
+ y′1
(
X¯ ′LH˜B
(1)
R + Q¯
′
LHB
(1)
R + B¯
(5)
L σB
(1)
R
)
+ y′2
(
B¯
(1)
L H˜
†X ′R + B¯
(1)
L H
†Q′R + B¯
(1)
L σB
(5)
R
)
+ Λ1q¯LQR + Λ
′
1q¯LQ
′
R + Λ2T¯
(5)
L tR + Λ3T¯
(1)
L tR + Λ
′
2B¯
(5)
L bR + Λ
′
3B¯
(1)
L bR + h.c.
]
.
In Ref. [15] we had first integrated out the heavy fermions of this Lagrangian, determining
then the effective Lagrangian made out of SM fields plus the singlet scalar present in the
minimal SO(5) sigma model. Here we reverse the order of integration of the heavy fields,
taking first the limit of heavy ρ and then that of heavy BSM fermions. We have explicitly
checked that the final low-energy effective Lagrangian made out only of SM fields is
independent of the order in which those limits are taken.
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Operator Fi(ϕ) 1/λn
PYuk v(q¯iLUP±qiR) − y
0
t√
2ξ
sϕ
[
1− 1
8λ
(αcϕ − 2βs2ϕ)− 2
f
Mia
i
σ1cϕ
]
0
Pqh (∂µh)2 (q¯iLUP±qiR) − y
0
i
8
√
2λf3
sϕ
(
1− 2 fMia
i
σ1cϕ
)
1
PqV 〈VµV µ〉(q¯iLUP±qiR) y
0
i
16
√
2λf
sϕ
(
1− 2 fMia
i
σ1cϕ
)
1
P4q (q¯iLUP±qiR) (q¯jLUP±qjR) (2− δij)
y0i y
0
j
32λf2
s2ϕ
[
1− 2
(
aiσ1
f
Mi + a
j
σ1
f
Mj
)
cϕ
]
1
P4q′ (q¯iLUP±qiR)
(
q¯jRP±U †qjL
)
(2− δij)
y0i y
0
j
32λf2
s2ϕ
[
1− 2
(
aiσ1
f
Mi + a
j
σ1
f
Mj
)
cϕ
]
1
Table 3: Effective operators, up to order f/Mi and 1/λ, after integrating out the radial
mode ρ and the heavy fermions in a UV realisation of partial compositeness. The coeffi-
cients afσ1, with f = t, b can be found in Ref. [15], see footnote 6. The Hermitian conjugate
should be included for all operators here. The Higgs field h is defined as the excitation of
the field ϕ, see Eq. (12).
Using polar coordinates and integrating out the radial mode ρ does not bring any
novel complication with respect to the procedure carried out in the previous section,
except for lengthier expressions. Nevertheless, LYukF can be compactly written prior to
any integration procedure as
LYukF = −
[
ρ
(
sϕOFs + cϕOFc
)
+ Λ1q¯LQR + Λ
′
1q¯LQ
′
R
+ Λ2T¯
(5)
L tR + Λ3T¯
(1)
L tR + Λ
′
2B¯
(5)
L bR + Λ
′
3B¯
(1)
L bR + h.c.
]
, (54)
where OFs and OFc are heavy fermion bilinears corresponding to the first four lines in
Eq. (53):
OFs ≡ −
1√
2
[
y1
(
X¯LUe−T
(1)
R + Q¯LUe+T
(1)
R
)
+ y2
(
T¯
(1)
L Ue−XR + T¯
(1)
L Ue+QR
)
+ y′1
(
X¯ ′LUe+B
(1)
R + Q¯
′
LUe−B
(1)
R
)
+ y′2
(
B¯
(1)
L Ue+X
′
R + B¯
(1)
L Ue−Q
′
R
) ]
, (55)
OFc ≡ −
1√
2
[
y1T¯
(5)
L T
(1)
R + y2T¯
(1)
L T
(5)
R + y
′
1B¯
(5)
L B
(1)
R + y
′
2B¯
(1)
L B
(5)
R
]
, (56)
where e+ = (1, 0) and e− = (0, 1).
Consider next the limit of very large scalar mass mρ (that is λ→∞) and very heavy
fermions. Implementing first the 1/λ corrections, the effective Lagrangian at this order
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takes exactly the form in Eq. (21), although ρ1 shows now an explicit dependence on the
heavy fermion spectrum,
ρ1 =
f
4
[
1
2f4
∂µϕ∂
µϕ− 1
4f2
〈VµV µ〉s2ϕ −
1
2
αcϕ + βs
2
ϕ −
{
1
2f3
OFc cϕ +
1
2f3
OFs sϕ + h.c.
}]
,
instead of the effective dependence in Eq. (18). New operators beyond those previously
considered appear, such as
− 1
8λf3
∂µϕ∂
µϕ
(OFc cϕ +OFs sϕ) , (57)
1
16λf
〈VµV µ〉s2ϕ
(OFc cϕ +OFs sϕ) , (58)
1
16λf2
(OFc cϕ +OFs sϕ)2 . (59)
They are higher-order operators made out of both SM and heavy BSM fermions and
related to the explicit fermionic ultraviolet completion. Furthermore, it is again easy to
verify that the counting rule matches the NDA rule [6, 30] by identifying λf ∼ Λ.
Consider next the integration of the heavy fermion sector in the results just obtained.
This is an elaborated task, and the procedure and an explicit computation is described
in Ref. [15]. To estimate the corrections, we adopt here a universal heavy fermion mass
scale Mi associated with the mass generation mechanism of a given SM fermion, so that
M1 ∼ M5 ∼ Λ1 ∼ · · · ∼ Mt. Assuming this scale to be larger than f , f/Mi is a good
expansion parameter. The final set of five effective operators resulting up to first order
in the 1/λ and f/Mi expansions is shown in Table 3, where the aiσ1 operator coefficients
weighting the f/Mi corrections are expected to be O(1) and their exact expressions can
be found in Ref. [15]. 8 Noteworthy consequences include:
• At tree level, the heavy fermions have no impact on the gauge-Higgs coupling and
κV is still given by Eq. (37). The coupling to top quarks, on the contrary, will receive
fermionic contributions from the first operator in Table 3,
κt =
√
1− ξ + 2 m
2
h
m2ρ
+ atσ1
f
Mt ξ + . . . (60)
Again, a double suppression acts on the leading heavy fermion corrections ∼ ξf/Mt,
alike to the case for the bosonic ones in ∼ βξ/(2λ). It is important to note, though,
that the tree-level fermionic contributions found may be larger than those induced
by the scalar sector if f/Mt > β/λ; this may occur specially for the top quark since
the top partners, with characteristic mass scaleMt, should be light enough in order
not to generate a hierarchy problem.
8The aiσ1 coefficients are a redefinition of the c
i
σ operator coefficients in Ref. [15] so as to extract explicitly
the f/Mi dependence: ciσ1 → y0t atσ1/Mt; the exact expressions for ciσ for the fermion model discussed here can
be found in Table 3 of that reference.
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• On top of the above, higher order effective operators involving SM fields are singled
out at low scales: the dominant ones are the last three presented in Table 3. For
these operators, the inclusion of an explicit heavy fermion sector does not change
much the conclusions obtained previously by using an effective Yukawa coupling as
defined in Eq. (7).
• In the limit f/Mi → 0, the operators in Table 3 coincide as expected with the
fermion-Higgs and four fermion operators given previously in Table 2 using the ef-
fective Yukawa operator O(0,0)Yuk .
4 Conclusions
The linear sigma model for QCD allows to monitor the transition from a completely
renormalizable model in a weakly interacting regime to a non-linear regime in the high
mass (λ→∞) limit. In this work we have carried out an analogous exploration assuming
that the Higgs particle may correspond to a pseudo-Goldstone boson of a spontaneously
SO(5) global symmetry (or containing SO(5)) at high energies, completing the procedure
first proposed and started in Ref. [15].
The minimal sigma model for SO(5) has been used as starting point. The results
are independent of the relative order in which the high mass limit for the heavy boson ρ
and for the heavy fermions are taken. In a first stage, the bosonic sector was left fully
dynamical while we defined an effective Yukawa operator characterized by two parameters,
which depend only on how the light SM fermion fields are embedded in representations of
the SO(5) symmetry for any given model. Armed with this tool, the benchmark effective
Lagrangian has been derived for the large mρ limit, see Table 2. Up to first order in
the linear corrections, it is shown to be composed of ten operators, five of them bosonic
and the rest fermionic including that responsible for the usual fermion Yukawa coupling;
for the fermionic operators the coefficients are given as an explicit function of the two
parameters which define the effective Yukawa operator. Their simple form allows a direct
prediction and comparison of the many models in the literature which differ by their
fermionic embedding. It is straightforward to obtain from this result the expressions of
the Higgs couplings to fermions, κf , in general.
Among the O(1/λ) corrections, three bosonic operators have coefficients which are
independent of the global symmetry breaking mechanism and should thus be of special
relevance; among them a four-gauge boson vertex is already being directed probed by
present data, while the other two involve vertices with at least two Higgs fields. We have
also proved that the leading phenomenological couplings of the Higgs particle to gauge
bosons and SM fermions, κV and κf , are quite universal, the reason being that the linear
corrections must be doubly suppressed as proportional to both 1/λ and to the explicit
symmetry breaking parameters, in a combination corresponding to a m2h/m
2
ρ suppression.
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The tower of higher order operators obtained is shown to correspond to only a small
subset of the most general non-linear Lagrangian [26] for a generic non-linear realiza-
tion of electroweak symmetry breaking. It is also consistent with the results for general
SO(5)/SO(4) constructions in Ref. [26], singling out a fraction of operators found in the
latter, with its expected coefficients. The minimal set identified here could serve to focalize
model-independent searches of a dynamical nature for the Higgs particle.
In a second stage, we have explored a complete renormalizable model with an explicit
heavy fermion ultraviolet completion and repeated the integration procedure; the leading
corrections stemming both from the heavy boson and from the heavy fermion sector were
then identified and their coefficients determined. New higher-order operators related to the
specific fermion ultraviolet completion, made out of SM and heavy fermions and containing
vertices with at least four fields, were identified as an intermediate step. Finally, the set of
operators made out of SM fields and involving fermions was determined to consist of only
five operators at the leading order in both expansions: one coupling contains the usual
SM Yukawa coupling, two are fermion-boson operators and the remaining two correspond
to four fermion couplings. The results match those obtained in the first part using the
effective Yukawa operator; interestingly, they show that deviations to the SM value for κf
due to tree-level exchange of heavy fermions may dominate over those stemming from the
scalar (e.g. 1/λ) linear corrections.
The starting point of the analysis in this work is a minimal renormalizable sigma model
for SO(5). Other renormalizable -more complicated- realizations are conceivable, in the
same way that the linear sigma model for QCD could be extended. Although additional
effective operators could be sourced in such constructions [26], the operators identified
here are expected to be the tell-tale of a Goldstone boson origin for the Higgs field and as
such common to all realizations.
5 Acknowledgements
We specially acknowledge initial discussions with Ferruccio Feruglio and Stefano Rigolin.
We are also indebted to Ilaria Brivio and Luca Merlo for useful discussions. The authors
(each identified by the first letter of her/his last name) acknowledge partial financial sup-
port by the European Union through the FP7 ITN INVISIBLES (PITN-GA-2011-289442)
(GKMS), by the Horizon2020 RISE InvisiblesPlus 690575 (GKMS), by CiCYT through
the project FPA2012-31880 (GS), and by the SpanishMINECO through the Centro de
excelencia Severo Ochoa Program under grant SEV-2012-0249 (GMS). We are grateful to
the Physics Department of the University of California, Berkeley, the Lawrence Berkeley
National Laboratory (SG) and the Fermi National Accelerator Laboratory (K), and the
Universidade de Sa˜o Paulo (M) for hospitality and/or partial support during the comple-
tion of this work. The work of S.S. was supported through the grant BES-2013-066480 of
the Spanish MICINN. The work of K.K. is supported by the University of Padova. In the
21
final stages of this paper, the work of P.M. was supported by Fermilab, which is operated
by the Fermi Research Alliance, LLC under contract No. DE-AC02-07CH11359 with the
United States Department of Energy.
References
[1] D. B. Kaplan and H. Georgi, Phys. Lett. 136B (1984) 183. doi:10.1016/0370-
2693(84)91177-8
[2] H. Georgi and D. B. Kaplan, Phys. Lett. 145B (1984) 216. doi:10.1016/0370-
2693(84)90341-1
[3] M. J. Dugan, H. Georgi and D. B. Kaplan, Nucl. Phys. B 254 (1985) 299.
doi:10.1016/0550-3213(85)90221-4
[4] K. Agashe, R. Contino and A. Pomarol, Nucl. Phys. B 719 (2005) 165
doi:10.1016/j.nuclphysb.2005.04.035 [hep-ph/0412089].
[5] R. Contino, L. Da Rold and A. Pomarol, Phys. Rev. D 75 (2007) 055014
doi:10.1103/PhysRevD.75.055014 [hep-ph/0612048].
[6] A. Manohar and H. Georgi, Nucl. Phys. B 234 (1984) 189. doi:10.1016/0550-
3213(84)90231-1
[7] G. Panico, M. Redi, A. Tesi and A. Wulzer, JHEP 1303 (2013) 051
doi:10.1007/JHEP03(2013)051 [arXiv:1210.7114 [hep-ph]].
[8] M. Carena, L. Da Rold and E. Ponto´n, JHEP 1406 (2014) 159
doi:10.1007/JHEP06(2014)159 [arXiv:1402.2987 [hep-ph]].
[9] R. Contino, D. Marzocca, D. Pappadopulo and R. Rattazzi, JHEP 1110 (2011) 081
doi:10.1007/JHEP10(2011)081 [arXiv:1109.1570 [hep-ph]].
[10] D. Marzocca, M. Serone and J. Shu, JHEP 1208 (2012) 013
doi:10.1007/JHEP08(2012)013 [arXiv:1205.0770 [hep-ph]].
[11] M. Redi and A. Tesi, JHEP 1210 (2012) 166 doi:10.1007/JHEP10(2012)166
[arXiv:1205.0232 [hep-ph]].
[12] A. Carmona and F. Goertz, JHEP 1505 (2015) 002 doi:10.1007/JHEP05(2015)002
[arXiv:1410.8555 [hep-ph]].
[13] G. von Gersdorff, E. Ponto´n and R. Rosenfeld, JHEP 1506 (2015) 119
doi:10.1007/JHEP06(2015)119 [arXiv:1502.07340 [hep-ph]].
[14] R. Barbieri, B. Bellazzini, V. S. Rychkov and A. Varagnolo, Phys. Rev. D 76 (2007)
115008 doi:10.1103/PhysRevD.76.115008 [arXiv:0706.0432 [hep-ph]].
[15] F. Feruglio, B. Gavela, K. Kanshin, P. A. N. Machado, S. Rigolin and S. Saa, JHEP
1606 (2016) 038 doi:10.1007/JHEP06(2016)038 [arXiv:1603.05668 [hep-ph]].
22
[16] T. Alanne, H. Gertov, F. Sannino and K. Tuominen, Phys. Rev. D 91 (2015) no.9,
095021 doi:10.1103/PhysRevD.91.095021 [arXiv:1411.6132 [hep-ph]].
[17] S. Fichet, G. von Gersdorff, E. Ponto´n and R. Rosenfeld, JHEP 1609 (2016) 158
doi:10.1007/JHEP09(2016)158 [arXiv:1607.03125 [hep-ph]].
[18] S. Fichet, G. von Gersdorff, E. Ponto´n and R. Rosenfeld, arXiv:1608.01995 [hep-ph].
[19] T. Alanne, H. Gertov, A. Meroni and F. Sannino, arXiv:1608.07442 [hep-ph].
[20] G. Buchalla, O. Cata`, A. Celis and C. Krause, arXiv:1608.03564 [hep-ph].
[21] M. Gell-Mann and M. Levy, Nuovo Cim. 16 (1960) 705. doi:10.1007/BF02859738
[22] R. Alonso, M. B. Gavela, L. Merlo, S. Rigolin and J. Yepes, Phys. Lett. B 722, 330
(2013) Erratum: [Phys. Lett. B 726, 926 (2013)] doi:10.1016/j.physletb.2013.04.037,
10.1016/j.physletb.2013.09.028 [arXiv:1212.3305 [hep-ph]].
[23] G. Buchalla, O. Cata` and C. Krause, Nucl. Phys. B 880, 552 (2014) Er-
ratum: [Nucl. Phys. B 913, 475 (2016)] doi:10.1016/j.nuclphysb.2016.09.010,
10.1016/j.nuclphysb.2014.01.018 [arXiv:1307.5017 [hep-ph]].
[24] I. Brivio, T. Corbett, O. J. P. E´boli, M. B. Gavela, J. Gonzalez-Fraile,
M. C. Gonzalez-Garcia, L. Merlo and S. Rigolin, JHEP 1403, 024 (2014)
doi:10.1007/JHEP03(2014)024 [arXiv:1311.1823 [hep-ph]].
[25] I. Brivio, J. Gonzalez-Fraile, M. C. Gonzalez-Garcia and L. Merlo, Eur. Phys. J. C 76,
no. 7, 416 (2016) doi:10.1140/epjc/s10052-016-4211-9 [arXiv:1604.06801 [hep-ph]].
[26] R. Alonso, I. Brivio, B. Gavela, L. Merlo and S. Rigolin, JHEP 1412 (2014) 034
doi:10.1007/JHEP12(2014)034 [arXiv:1409.1589 [hep-ph]].
[27] G. Panico and A. Wulzer, Lect. Notes Phys. 913 (2016) pp.1 doi:10.1007/978-3-319-
22617-0 [arXiv:1506.01961 [hep-ph]].
[28] A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B 412, 301 (1997)
doi:10.1016/S0370-2693(97)00995-7 [hep-ph/9706275].
[29] M. A. Luty, Phys. Rev. D 57, 1531 (1998) doi:10.1103/PhysRevD.57.1531 [hep-
ph/9706235].
[30] B. M. Gavela, E. E. Jenkins, A. V. Manohar and L. Merlo, Eur. Phys. J. C 76 (2016)
485 doi:10.1140/epjc/s10052-016-4332-1 [arXiv:1601.07551 [hep-ph]].
[31] G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett. 113, no. 14, 141803 (2014)
doi:10.1103/PhysRevLett.113.141803 [arXiv:1405.6241 [hep-ex]].
[32] G. Aad et al. [ATLAS Collaboration], Phys. Rev. D 93, no. 9, 092004 (2016)
doi:10.1103/PhysRevD.93.092004 [arXiv:1603.02151 [hep-ex]].
[33] R. S. Chivukula and H. Georgi, Phys. Lett. B 188 (1987) 99. doi:10.1016/0370-
2693(87)90713-1
23
[34] G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl. Phys. B 645, 155
(2002) doi:10.1016/S0550-3213(02)00836-2 [hep-ph/0207036].
[35] B. Grinstein, M. Redi and G. Villadoro, JHEP 1011, 067 (2010)
doi:10.1007/JHEP11(2010)067 [arXiv:1009.2049 [hep-ph]].
[36] K. A. Olive et al. [Particle Data Group Collaboration], Chin. Phys. C 38 (2014)
090001. doi:10.1088/1674-1137/38/9/090001
24
